Background: Lumbar flexion, coupled with rotation, is a dominant factor in the etiology and exacerbation of low back pain. Yet, no study has examined its kinematics in patients with non-specific chronic low back pain (NSCLBP). The aim of the study was to evaluate the lumbar rotation kinematics in neutral standing and with full flexion in men with NSCLBP. Methods: ROM, average velocity, maximum velocity and maximal acceleration of lumbar rotation in neutral standing and with full flexion were measured using an industrial lumbar motion monitor in 50 men (25 with NSCLBP and 25 controls). VAS and Rolland Morris questionnaire were also included. Findings: All examined kinematical parameters were significantly lower in men with NSCLBP compared with controls (↓ROM = 29%-45%; ↓AV = 40%-68%; ↓ MV = 25%-50%; ↓MA = 20%-37%). Left rotation manifested smaller kinematic values (except for MA) than right rotation (Δ ROM = 35%; Δ AV = 66%; Δ MV = 19%) in NSCLBP. Most kinematical parameters significantly decreased from neutral standing to standing with flexion (right rotation: ↓ROM = 43%-45%, ↓AV = 38%-45%, ↓MV = 24%-27%, ↓MA for the NSCLBP group = 21%; left rotation: ↓ROM = 25%-38%, ↓AV in the control group: =34%, ↓MV in the control group: =23%, ↓MA in the control group = 25%). No correlations were found between all measured kinematical parameters, VAS and RMQ total score in the NSCLBP group. Interpretation: The kinematic parameters of lumbar rotation were reduced in men with NSCLBP compared with controls both in neutral standing and with fully forward bending.
Introduction
Low back pain (LBP) is considered one of the most common musculoskeletal disorders, resulting in substantial costs to society which can be attributed to its high incidence, high recurrence and associated disability (Andersson, 1999; Cassidy et al., 2005; Marras et al., 1999) . Fifty to 80% of the adult population will suffer from low back pain at some point in their lives (Jayson, 1997) . The prevalence of chronic LBP (> 3 months) is approximately 23% among adults aged 25-74 (Airaksinen et al., 2006) . The inability of imaging and traditional clinical assessments in diagnosing structural or specific pathologies in 80-90% of patients with LBP resulted in classifying them as nonspecific LBP patients (Andersson, 1999; Cassidy et al., 2005; Haberl et al., 2004; O'Sullivan, 2005; Spratt et al., 1990) .
Lumbar flexion, coupled with rotation, is a dominant factor in the etiology and exacerbation of LBP (Marras et al., 1993; Nachemson, 1981) . It is assumed that the risk of tissue strain is magnified when lumbar sagittal end range movements are combined with rotation and side bending (Burnett et al., 2008; Panjabi, 1992a Panjabi, , 1992b . Consequently, specific lumbar kinematic evaluations were developed aimed at improving the differential diagnosis of patients with LBP (Davis and Marras, 2000; Lehman, 2004; Lund et al., 2002; Marras et al., 1999; McGregor et al., 1997) . Some studies have demonstrated a decrease in the axial rotation ROM in subjects with chronic LBP compared with controls (Davis and Marras, 2000; Lee et al., 2011; Lehman, 2004; Lund et al., 2002; Marras et al., 1999; McGregor et al., 1997) , whereas other studies did not find any kinematic differences between these two populations. Reduced lumbar rotation in forward flexion was previously found when compared to upright standing in certain biomechanical studies (Gunzburg et al., 1991; Haberl et al., 2004) . Burnet et al. observed a reduction in ROM in lumbar rotation in both lumbar extension and flexion in healthy female rowers when compared to neutral positions (Burnett et al., 2008) .
Despite the accumulating body of evidence demonstrating reduced https://doi.org/10.1016/j.clinbiomech.2018.12.022 Received 23 September 2018; Accepted 20 December 2018 ROM in rotation, flexion and extension among those suffering from LBP, the causal relationship between these variables remains unclear (Hartvigsen et al., 2018) . It is likely that the answer is case dependent and that the casual relationship is cyclical and bi-directional rather than uni-directional. Note, however, that the lack of a clear causal understanding of the relationship between reduced ROM and LBP does not preclude clinicians from monitoring lumbar ROM and other variables as part of an ongoing clinical assessment. Improved lumbar ROM, may serve as an objective sign of clinical and functional improvement. Furthermore, measuring and monitoring lumbar ROM is now logistically and financially a feasible option for most clinicians. This is due to the development of exoskeleton lumbar motion monitors that are both reliable and can be available in most Physical therapy departments and clinics (Gill and Callaghan, 1996; Marras et al., 1992; Marras et al., 1995) .
To the best of our knowledge, no study has as yet investigated lumbar rotation velocity and acceleration in upright standing and with full forward bending neither in healthy subjects nor in patients with chronic LBP. It seems appropriate to study and quantify those variables of motion as they may help future research aimed at improving diagnostic tools. The purpose of this study was to evaluate the functional ROM, velocity and angular acceleration of left and right lumbar rotations in upright standing and with full forward bending in men with and without nonspecific chronic LBP (NSCLBP) . We hypothesized that all tested parameters will be lower in men with NSCLBP compared with controls.
Methods
Fifty males were included in the study. The study group consisted of 25 subjects with NSCLBP (age 51.3 ± 5.5) and 25 additional subjects were controls (age 49.2 ± 5.7). The study was performed in accordance with the Helsinki declaration and was approved by the relevant institutional review boards of Clalit health services. The study was prospectively registered in the NIH (NIH number NCT01217554). All subjects were referred by either an orthopedic surgeons/family physician working in the same medical institute (Clalit health services) where the study was conducted. The subjects were consequently recruited by the secretariat staff of 2 regional physiotherapy outpatient clinics of Clalit health services. Prior to any testing the subjects signed a consent form. NSCLBP was defined as chronic low back pain existing > 3 months. Exclusion criteria included any type of spinal surgery, recent spinal trauma, spinal inflammatory disease, neurological signs in the lower limbs, neurological and tumor disease and postural developmental anomalies in the back or limbs.
All subjects were tested by the third author in a single blind controlled procedure. Participants in the NSCLBP group were asked to quantify their pain level using the visual analogue scale (VAS) (Price et al., 1983) and to complete the Rolland Morris disability questionnaire (RMQ) before completing their kinematic evaluations (Roland and Morris, 1983) .
The wireless Industrial Lumbar Motion Monitor (iLMM, Chetek Corp. USA) was used to measure the axial lumbar ROM, velocity and angular acceleration of lumbar rotation relative to the thorax in a upright standing position and with full forward bending. The patented iLMM is a tri-axial electro-goniometer acting as a light weight exoskeleton of the lumbar spine. It is positioned on the back of the subject directly in the line with the spine and attached by harnesses at the pelvis and thorax (Fig. 1 ). This apparatus has been shown to be both reliable and valid as a measure, with high reproducibility values (Gill and Callaghan, 1996; Marras et al., 1992; Marras et al., 1995) .
Following 10 min of warm up on a stationary bicycle, the iLMM size was fitted to each participant and the potentiometers were adjusted to zero before use. The participants were asked to perform lumbar maximal axial rotation in upright standing and in full forward bending as fast as they can. Prior to each trial, participants practiced each motion assisted by verbal cues and physical guidance when needed, until the method and motions were fully understood. Two trials were conducted using right and left rotation, with a total of 8 trials (2 postures × 2 sides × 2 trials per side) completed by each participant. The participant was asked to return to their upright position after performing each trial. During data collection, each lumbar motion was standardized as follows: 1. Lumbar rotation in upright standing -the participant stood with his feet parallel, shoulder width apart, with his arms crossed and hands resting on his shoulders (Burnett et al., 2008) (Fig. 1) . The participant was then asked to randomly rotate his shoulders to his preferred right or left side as far and as fast as possible without moving his feet. Maximal ROM, i.e. "as far as possible" was defined as the maximal stretching limit that the participant could achieve. The same procedure was then repeated to the same chosen side. Subsequently, the whole procedure for the other residual right or left side was repeated for a second set of measurements. 2. Lumbar rotations in full forward bending position -the above mentioned procedure for left and right lumbar rotation was conducted with the participant standing with his feet parallel and shoulder width apart and pelvis in neutral with his arms crossed and hands resting on his shoulders in his fully forward bending position ( Fig. 1) .
Following 5 meetings on a weekly basis in which the 2 authors practiced the measurement procedure and in order to examine its reproducibility, 2 sets of lumbar measurements were obtained from 10 subjects by the first author for intra tester reliability. Between each set of measurements, the subjects rested and walked freely in the room for 5 min. The measurements were then compared with the same measurements taken by a second tester on the same day for inter-tester reliability. Both testers were blinded to the measurement results. All kinematic data (ROM, velocity and acceleration) of lumbar axial rotation were collected using the device's standard data collection Ballet 2.0 software. Summary statistics of the motion data for each trial was computed and automatically stored.
Statistical analysis
All kinematic variables (right and left rotation ROM, average and maximal velocity and maximal acceleration) in neutral and a fully flexed position in standing in both groups were averaged across the two trials for each participant. The data were transferred into a statistical analysis package (IBM SPSS v 19 for Windows). Descriptive statistics of the kinematic and independent variables -averages, minimum and maximum values, and standard deviations -were calculated. For reproducibility data (within and between testers), intra-class correlation coefficients (ICCs), ICC with 95% confidence intervals, were computed. ICC values > 0.75 denoted excellent reproducibility and values < 0.75, fair to good (Fleiss, 2011) . Pearson coefficient correlation verified the relationship between the kinematic variables. The KolmogorovSmirnov test determined whether the variables were distributed normally or not. Kinematic and independent variable differences between postures within the group were determined by paired-t-tests with normally distributable variables, while Wilcoxon tests determined an abnormal distribution of variables. Kinematic and independent variable differences between groups were determined by the ANOVA in normally distributed variables, while the Mann-Whitney tests determined abnormal variable distribution. All statistical procedures were performed with a 5% significance level.
Results
No significant differences were indicated between the the two groups with regards to subjects chracteristics. Intra-and intertester reliability values for each dependent variable were generally high (0.75 < ICC < 0.99). Descriptive statistics of all lumbar axial rotations are presented in Table 1 . The Kolmogorov-Smirnov test indicated normal distribution of lumbar ROM and average velocity (AV) in the A. Haj et al. Clinical Biomechanics 61 (2019) 192-198 two groups (0.987 > p > 0.05). The means of maximal velocity (MV) and maximal acceleration (MA) in most cases were not normally distributed (Kolmogorov-Smirnov test, p < 0.05). The relevant statistical tests were used for normal and non-normal distribution as described above.
The following major results were exhibited:
1. All kinematic values of left and right lumbar rotation in neutral standing and with fully forward bending were significantly lower in the NSCLBP group compared with the controls (↓ROM = 29%-45%; ↓AV = 40%-68%; ↓MV = 25%-50%; ↓MA = 20%-37%) (Tables  2-3 (Figs. 2-5 ). 3. In most cases, a significant kinematic decrease in lumbar rotation was demonstrated when moving from neutral standing to fully forward bending (right rotation: ↓ROM = 43%-45%, ↓AV: = 38%-45%, ↓MV = 24%-27%, ↓MA for the LBP group = 21%; left rotation: ↓ROM = 25%-38%, ↓AV in the control group: =34%, ↓MA in the control group: =23%, and ↓MA in the control group = 25%) (p < 0.05), (Table 2 ). 4. No correlations were found in the VAS levels (4.43 ± 1.47) and RMQ total score (12.32 ± 5.44) in the NSCLBP group between all measured kinematic parameters (p > 0.05).
Discussion
To the best of our knowledge, the current study is the first to examine the various kinematic parameters associated with lumbar axial rotation in neutral standing and compare it with fully forward bending in men with NSCLBP and controls. The measuring process using the iLMM device as indicated in the current study was found highly reproducible and in accordance with previous studies (Gill and Callaghan, 1996; Marras et al., 1992; Marras et al., 1995) .
The significant decrease in the ROM of lumbar rotation in the NSCLBP group compared with the controls (↓29%-45%) can be explained on a mechanical basis. Accordingly, chronic LBP may result from an ongoing postural deficit that creates abnormal movements thus creating repeated low intensity overloads, mechanical instability (i.e. an increase in the segmental neutral zone), increased spinal tissue tension, spinal muscle spasms, and back pain, thus ending with a limited ROM (Bakker et al., 2009; McGregor et al., 1997; Panjabi, 1992a Panjabi, , 1992b Panjabi, , 2003 . These mechanical parameters probably interact and may act as causative factors or as resulting factors in the process of decreased lumbar range of motion (Panjabi, 2003) (Fig. 6) . It is also suggested that the velocity of lumbar rotation in men with NSCLBP can be affected by neuromuscular coordination, individual motivation, skill, muscle power and physiological flexibility (Gomez et al., 1991) . These individual cortical-physiological parameters may in turn interact with the mechanical parameters thus affecting either positively or negatively with the lumbar kinematics and function (Fig. 6 ). Jeopardizing one of these components may lead to pain provocation. The fear of pain may eventually lead to pathological movement patterns which are characterized by a slower movement as occurred in the current study to avoid this pain provocation (Thomas et al., 2008; Thomas and France, 2007 ). Yet, given the literature is unclear on the cause of low back pain and that many confounders (including movement dysfunction) have been hypothesized, the suggested above mechanical explanation is yet to be proven.
As to the acceleration parameter of lumbar rotation, the only other study to previously investigate the same parameter in LBP subjects also indicated a significant decrease in acceleration in flexion and lumbar extension compared to the healthy population (Marras et al., 1999) . Others have also indicated a decrease in maximal acceleration while performing 'a reaching movement' in subjects with low back pain compared to healthy subjects. This decrease, as indicated in the current study (↓20%-44%), can also be explained by the subjective experience to pain and fear of pain as mentioned above (Thomas et al., 2008 ).
In the current study, there was no asymmetry between left and right lumbar rotation kinematic variables both in neutral and fully forward bending positions in the controls. In the literature, some researchers found higher ROM values on the right side (Hsu et al., 2008) whereas, others found no difference in the neutral standing (Al-Eisa et al., 2006) . In men with NSCLBP, however, the ROM and velocity are significantly lower with a left rotation than the right in a neutral standing position (ROM = Δ35%, AV = Δ66%). As higher muscular activity was previously found on left rotation compared to right rotation in the pain free condition (Urquhart and Hodges, 2005) , it is reasonable to suggest that this activity to one side will be reduced in the LBP condition thus limiting the movement as indicated in the current study. (SD) = standard deviations: range of motion (ROM) = degrees; velocity = degrees/s; acceleration = degrees/s 2 . Italic writing relates to percentages. ⁎ Significant differences (p < 0.05).
A. Haj et al. Clinical Biomechanics 61 (2019) 192-198 In both groups, the ROM of lumbar rotation decreased from neutral standing to standing with fully forward bending (right rotation = ↓ 43%-45%; left rotation = ↓25%-38%) which is similar to Gunzburg et al.'s results where the ROM of the lumbar rotation also decreased from neutral standing to standing with flexion in healthy subjects (Gunzburg et al., 1991) . No such differences, however, were found in another study in healthy subjects (Pearcy, 1993) . A possible explanation to the reduced ROM of lumbar rotation in flexion may be the greater resistance of the intervertebral disc's annular fibers and the vertebral posterior ligaments in the flexed position (Burnett et al., 2008) . In lumbar rotation, the twisting exertions result in higher compression and lateral shear forces on the intervertebral discs (Al-Eisa et al., 2006) . The ligamentous tissues are loaded and strained. When compared with the load pressure in the upright standing position, forward lumbar flexion and axial rotation increases the pressure by 400% (Song et al., 2012) . Another explanation to the reduced ROM of lumbar rotation in flexion is the increased passive resistance of the muscles as they are surely more stretched in the flexed position than in neutral standing. Finally, it is reasonable to suggest that in flexion, the sacroiliac joints are locked due to the stretched hamstrings muscles thus neutralizing any contribution of these joints to lumbar rotation (Cuppett and Paladino, 2001; Vleeming et al., 1989) .
Finally, the reduced kinematic parameters of lumbar rotation movement in men with NSCLBP as indicated in the current study, was not correlated with the VAS levels or the functional level as measured by the RMQ. Accordingly, it is reasonable to conclude that the reduction in the measured kinematic parameters of lumbar rotation does not necessarily cause major daily dysfunctions. A possible explanation for this incompatibility might be that of cortical reorganization (Flor et al., 1997; Mazis, 2014; Wand et al., 2011) . It is suggested that in subjects with NSCLBP, changes in volitional movement are associated with A. Haj et al. Clinical Biomechanics 61 (2019) 192-198 measurable changes in the representation of the low back in the cortex (expansion of representation and medial shifting) when compared to subjects without chronic low back pain (Flor et al., 1997) . Accordingly, it is possible that although a subject in the current study may have reported a low VAS score, his perception of movement ability and planning of movement is in effect altered (Wand et al., 2011) . Although beyond the scope of this paper, biopsychosocial factors may influence both pain level and functional level separately and so may also account for the abovementioned incompatibility. We therefore emphasize the importance of investigating the individual's fear avoidance during painful movements in future studies rather than measuring only their pain or functional levels to explain their limitation in ROM, as it was found that fear avoidance beliefs and pain catastrophizing are associated with chronicity (Verkerk et al., 2015; Weiner et al., 2018) . Based on the results in the current study, it is suggested to use the selected functional kinematic parameters in the clinical situation as an additional diagnostic tool during the physical evaluation in individuals suffering from NSCLBP to detect any possible effects following conservative treatments. Moreover, as kinematic asymmetry in lumbar rotation in neutral standing was only indicated in the NSCLBP group, this parameter can be clinically used to diagnose and treat a pathological asymmetry in lumbar rotation in this population.
The limitation of the study is that the lumbar monitoring system is an exoskeleton that is placed over the skin thus not a 'true' reading of joint motion. Yet, the aim of this study is to functionally assess the lumbar kinematics and to compare the results between two groups of individuals using the same methodology rather than to give accurate lumbar joint kinematics.
Interpretation
The kinematic parameters of lumbar rotation were reduced in men with NSCLBP compared with controls both in neutral standing and with fully forward bending. A decrease in most kinematic values of lumbar rotation was usually observed while standing with fully forward bending compared with neutral standing. A. Haj et al. Clinical Biomechanics 61 (2019) 192-198 
